In this study, extracts of both treated and untreated date palm tree waste were used as inhibitors of carbon steel corrosion in 1 M HCl. The date palm wastes used were the fiber and leaflets of the plant, and the treatment process involved gum arabic solution. The electrochemical measurements showed that the extracts were efficient inhibitors. The treated wastes were more efficient inhibitors than untreated waste, and the leaflets were better inhibitors than the fibers. The effect of temperature on inhibition efficiency, thermodynamic parameters, and adsorption isotherms for the treated inhibitors were studied. It was found that the adsorption was endothermic, occurred spontaneously, and that the adsorption data fit Langmuir isotherm model.
INTRODUCTION
Carbon steel is used worldwide as pipelines for transferring liquids and gases, which leads to rust formation. Although rust can be removed by treatment with hydrochloric acid and sulfuric acid, this leads to severe corrosion. Therefore, the protection of metals from corrosion is very important in industries, especially in acidic mediums, for which the use of inhibitors is one of the methods.
Generally, organic compounds are good inhibitors; however, they are not environment-friendly because of their high toxicity. Therefore, the need to use natural materials as alternative inhibitors is acceptable. Corrosion inhibition using various plant extracts has been reported; for example, Cucumis sativus [1] , Petroselinum crispum, Eruca sativa, Anethum graveolens [2] , Coriandrum sativum leaves [3] , Banana peel [4] , Gnetum africana leaves [5] , Eriobotrya japonica thunb. leaf extract [6] , Sesbania sesban extract [7] have been investigated.
Date palm is an important cultivated plant in many countries, where it grows in dry and semiarid regions. It is considered one of the main agricultural crops in Saudi Arabia. Saudi has more than 23 million palm trees that produce about one million tons of dates per year, and the wastes include palm veins, leaves, stems, leaflet, and fibers [8] . Usually, the waste residues are burned on farms or buried in landfills, causing environmental pollution. Therefore, reusing date palm waste seems an optimal solution at environmental and economical levels. Thus, using these materials to produce cheap, sustainable, and ecofriendly inhibitors of carbon steel corrosion is quite interesting. The effectiveness of fibers and leaflets as corrosion inhibitors using electrochemical measurements, thermodynamics, and adsorption studies is yet to be reported; this is the aim of the current study.
EXPERIMENTAL

Preparation of inhibitor
Fibers and leaflet parts of date palm ( Figure 1) [9] were collected from a local farm, cut, grinded, and sieved to obtain particle size ≤ 600 μm. The powder was divided into two parts: one was not pretreated and the other was treated. A natural treatment process was performed by washing the desired amount of sieved powder with distilled water followed by washing with gum arabic (GA) solution in an electric mixer. The mixture was subsequently sonicated, passed through a mesh, and dried for a few days in sunlight. The specimens were labeled PF, PL, PF-T, and PL-T, for untreated fiber, untreated leaflet, treated fiber, and treated leaflet, respectively.
Then, 2 g from the dried powder was mixed with 200 mL of 1 M HCl and refluxed at 50 °C for 2 h. The extracts were cooled and filtered through Whatman filter paper. The filtrate (25-30%, wt. %) was then kept as the stock solution, from which test solutions of concentrations ranging from 1 to 20% (v/v) were prepared by dilution with 1 M HCl solution.
Characterization of the inhibitors
Fourier-transform infrared (FT-IR) spectra were recorded from 400 to 4000 cm −1 using a
Perkin-Elmer spectrophotometer to analyze the structure, for which the samples were prepared in the form of KBr pellets containing the powdered samples. A scanning electron microscope (SEM, Quanta 250) was used to study the surface morphology. 
Specimen Preparation
Carbon steel specimens (C 0.1%, Mn 1.23%, Si 0.265%, S 0.004%, P 0.011%, Cr 0.008%, Cu 0.024%, Si 0.0016%, Ni 0.0214%, Ti 0.017%, Al 0.035%, Nb 0.036%, Ca 0.002%, CEV 0.319%, and Fe balance). It was cut from a carbon steel rod with a cross-sectional area of 1 cm 2 and was embedded in a Teflon holder. The specimens were polished with 800 and 1200 grit grinding papers, and cleaned by distilled water and acetone.
Electrochemical measurements
Electrochemical measurements were performed using the 1783 tool model. The electrochemical cell contains a three-electrode configuration with a conventional graphite electrode as the counter electrode and a saturated calomel electrode (SCE) coupled with a Luggin-Haber capillary as the reference electrode.
The working electrode was immersed in 1 M HCl solutions with and without 1, 5, 10, 15, 20% of PF, PL, PF-T, and PL-T extracts at 25 °C and 60 °C; the open circuit potential was measured after 10 min to achieve steady state.
Potentiodynamic polarization studies were performed with a scan rate of 0.2 mVs -1 in the potential range of ±250 mV proportional to the potential of corrosion. The inhibition efficiency (E inh %) was calculated using Eq. 1:
where I corr and I corr(inh) are referred to as the corrosion current densities without and with the inhibitor, respectively. Figure 2 . FT-IR of untreated fiber and leaflet Figure 2 shows the IR absorption bands of fibers and leaflets. The peaks indicate the presence of functional groups containing S, P, O, and N, atoms attached to aromatic rings, which are usually distinguished of corrosion inhibitors (Table 1) . Figure 3 . SEM images of treated and untreated fiber and leaflet Figure 3 shows the SEM images of treated and untreated specimens of the inhibitors. Irregular shapes and different sizes of the powder were noticed irrespective of whether the specimens were treated or untreated. Comparison between the treated and untreated specimens showed some holes and deep cracks on the surfaces after treatment, which seem to be active sites and are suited for bending.
RESULTS AND DISSCUSION
Characterization of the inhibitors
Potentiodynamic polarization
At room temperature:
Potentiodynamic polarization measurement were performed to determine the kinetics of the anodic and cathodic reactions. Figure 4 shows the typical polarization curves of carbon steel in 1 M HCl solutions with PF, PF-T, PL, and PL-T concentrations of (0, 1, 5, 10, 15, and 20)%.
The addition of treated and untreated inhibitors makes the oxidation potential more negative. As shown, the corrosion voltage of carbon steel is deviated to the negative direction. A 2% decrease is observed in the value of the corrosion current in the presence of PF-T compared to that in the presence of PF.
Both the corrosion rate and the corrosion current were significantly reduced in the presence of PL-T compared to that in the presence of PL. Furthermore, the electrode reactions were affected by the addition of both types of inhibitors, the treated and untreated ( Figure 4 ). The inhibitors also affected the cathodic reaction more than the anodic reaction, suggesting that the reaction is controlled by hydrogen evolution. Table 2 summarizes the electrochemical parameters obtained from the test for all the inhibitors used. A significant improvement was observed in the corrosion resistance of carbon steel in 1 M HCl: corrosion rates were reduced upon increasing the concentration of the inhibitor extracts. Additionally, β a and β c values, obtained from Tafel slopes, suggest that the inhibitors act as mixed types of inhibitor affected by both hydrogen evolution and carbon steel dissolution.
Moreover, the inhibitors recorded high efficiencies, 85-89% for the treated specimens and 83-88% for the untreated ones. Both PL and PL-T were found to be have higher efficiency than PF and PF-T, respectively, by ~4%.
This means that the inhibition process involves blocking the available metal spaces and inhibiting carbon steel oxidation, with lower hydrogen evolution. The adsorption of the inhibitor particles on the surface of carbon steel forms a barrier that impedes the arrival of hydrogen ions to the surface of the steel. This reduces the H + concentration at the cathode sites, thus reducing corrosion.
[ [10] [11] . The efficiencies of different palm extracts were compared with those of some plant extracts previously studied by potentiodynamic polarization method, as shown in Table 3 
At 60°C:
Potentiodynamic polarization studies of carbon steel in 1 M HCl solution were performed at 60 °C and PF-T and PL-T extracts of different concentrations. Table 4 shows the electrochemical parameters obtained for all the inhibitors used. Figure 6 and Table 3 show that the E corr values shift to more negative values at different concentrations of the treated inhibitors. In addition, current densities of anodic and cathodic reactions were decreased upon increasing the concentrations of treated inhibitors. This can be explained by the adsorption of inhibitor molecules on the surface of carbon steel, forming a protective layer on the surface.
Moreover, the inhibitor's efficiency decreased at PF-T concentrations of 1 and 5% and PL-T concentration of 1%, due to the weakness of the protective layer on the surface of carbon steel and its ease of dissolution. At higher concentrations (10-20%) of both inhibitors PF-T and PL-T, inhibitor efficiency increased with increasing concentration. This is explained by the strong adsorption of organic compounds containing O, S, P, and N atoms attached to aromatic rings `in their molecules, through which they can adsorb on the carbon steel surface [14, 15] . Generally, the adsorption of an inhibitor depends on its chemical structure, its molecular size, the nature and charge on the metal surface, and charge distribution over the entire inhibitor molecule. The adsorption can occur via the replacement of solvent molecules from the metal surface by ions and molecules accumulated near the carbon steel surface. Since the inhibitor molecules can be adsorbed on the surface of carbon steel through chemisorption, involving the displacement of water molecules from the carbon steel surface and sharing of electrons between the heteroatoms and iron. The inhibitor molecules can also adsorb on the carbon steel surface by donor-acceptor interactions involving the π-electrons of the aromatic/heterocyclic ring and vacant d-orbitals of the surface iron [16] [17] . 
Adsorption isotherm and thermodynamic parameters
To study the mechanism of adsorption of the treated inhibitors on the carbon steel surface, the Langmuir adsorption isotherm were used. The Langmuir adsorption isotherm can be expressed by Eq. 2 [14] [15] :
(a) Blank 1% 5% 10% 15% 20% (b) Blank 1% 5% 10% 15% 20%
where C inh is the inhibitor concentration, K ads is the adsorption equilibrium constant, and  is the surface coverage and calculated by the ratio (E inh %)/100 (Tables 2 and 3 ). Figure. The K ads and R 2 values are listed in Table 5 , where R 2 is correlation coefficient, which is the degree of fit between the experimental data and the isotherm equation. The plot showed good linearity, with R 2 values very close to unity, indicating that the Langmuir model is suitable for describing the adsorption process. It additionally indicates strong adsorption of PF-T and PL-T on carbon steel's surface [18] . The inhibitor molecules gained stability when their free energies were reduced by their adsorption on the carbon steel surface, where they rearrange themselves or react with the ions or molecules near the surface [10] . The adsorption free energy ΔG°a ds was determined using Eq. 5:
where R is the universal gas constant, T is the absolute temperature, and the molar heat of adsorption of water is 55.5.
The ΔG°a ds value gives information about the spontaneity and type of adsorption. If ΔG°a ds is between −20 and −40 kJ/mol, the adsorption could proceed via physisorption and chemisorption (mixed adsorption) and if it more than −40 kJ/mol, the adsorption type would be chemisorption. Chemisorption occurs via sharing or transfer of charge from the inhibitor molecule to the carbon steel surface to form a covalent bond, while physisorption involves electrostatic attraction between the charged carbon steel surface and the charged inhibitor molecules [19] . The ΔG°a ds values for all inhibitors at different temperature reach −20 kJ/mol. The negative value of ΔG°a ds means that the adsorption is spontaneous and the value itself means that the adsorption type is mixed. where E * a is the apparent activation energy, ΔH * a is the activation enthalpy, R is the molar gas constant, I corr1 and I corr 2 are the corrosion rates at the absolute temperatures T 1 and T 2 , respectively. The calculated activation energies E * a and ΔH * a are listed in Table 4 . The E * a and ΔH * a values were calculated for carbon steel corrosion both in the absence and the presence of 20% PF-T and PL-T. The table shows that the E * a values are increased in the presence of the inhibitor, indicating that the adsorption type is physisorption. They are also less than the value required for chemisorption (80 kJ/mol). This means that physisorption or chemisorption between the inhibitor and the carbon steel surface are weak [20] [21] . Szauer explained that the E * a values increase due to the low adsorption strength of the inhibitor on the carbon steel surface with increasing temperature. A corresponding increase in the corrosion rate occurs because of the greater area of metal that is consequently exposed to the acidic environment [21] .
The activation enthalpy values are positive both in the absence and presence of inhibitor, reflecting the endothermic nature of carbon steel corrosion. The ΔH * a values for carbon steel in 20% PF-T and PL-T are higher than that solution without the corrosion inhibitor, indicating efficient protection against corrosion [22] .
The average difference between E * a and ΔH * a (E * a − ΔH * a ) is 2.62 kJ/mol, which is approximately equal to the average value of RT (2.77 kJ/mol) at 333 K of the domain studied, indicating that the corrosion process is analogous to gas reaction, the evolution of hydrogen gas being associated with a decrease in the total corrosion rate. Moreover, this result is consistent with the fact that corrosion involves a unimolecular reaction [20] , as reflected by the ideal gas known relationship:
The entropies of activation (ΔS Table 6 , and the values are negative for both the cases. A negative ΔS * a value indicates that the corrosion process is controlled by the activation complex [19, 23] .
A closer look at the ΔS * a values shows that the values shift in the positive direction in the presence of the extracts due to the formation of the adsorbed layer on the metal surface, which should increase disorder of the system. The inhibitor layer impedes the liberation of hydrogen ions at the metal surface, causing increased disorderliness and raising the entropy of the system [24] [25] .
The many compounds present in the extract make the active inhibitive components. Consequently, the focus of this effort has been to develop and treatment an inexpensive natural extraction product by natural product, which that effectively inhibits corrosion. Table 6 . Thermodynamic activation parameters of carbon steel in 1 M HCl at absence and presence of PF-T and PL-T extracts.  The calculated ΔG°a ds values revealed that the adsorption process is spontaneous, and the inhibitor molecules are adsorbed on the metal surface through mixed adsorption (both physisorption and chemisorption).
Medium
 The values of the activation parameters E * a , ΔH * a , and ΔS * a increased in the presence of the inhibitor, implying that physical adsorption or chemical bonding between the inhibitor and the carbon steel surface are weak. This also means that the corrosion process is endothermic, and is controlled by the activation complex.
